Introduction
Human emissions of pollutants into the atmosphere have caused dramatic transformations of the Earth system, altering air quality, climate and nutrient flows in every ecosystem. These alterations suggest that we have entered a new geological epoch, the Anthropocene. The effects of human emissions are manifold: Air quality has a major impact on public health and ecosystems (UNEP/WMO, 2011; OECD, 2012; WHO, 2014) : Changing atmospheric composition is driving climate change (IPCC, 2013) : The atmospheric transport and deposition of Saharan dust to the Amazon determines the amount of phosphorus in this vital ecosystem (Artaxo et al., 1990; Koren et al., 2006; Ansmann et al., 2009; Bristow et al., 2010; Yu et al., 2015 and references therein).
The atmosphere is the integrator of the Earth system. Understanding the global atmosphere requires an organization to create an international network of scientists to provide the intellectual leadership in areas of atmospheric chemistry that must be addressed, promoted, and that would benefit from research across disciplines and geographical boundaries. Acknowledgement of this need led to the formation of the International Global Atmospheric Chemistry (IGAC) Project.
The origins of the International Global Atmospheric Chemistry (IGAC) project date back to the 1950s, when the International Association of Meteorology and Atmospheric Sciences (IAMAS) of the International Union of Geodesy and Geophysics (IUGG) initiated the Commission on Atmospheric Chemistry and Radiation (CACR), which was later renamed the international Commission on Atmospheric Chemistry and Global Pollution (iCACGP). At the fifth iCACGP Symposium in 1983, a committee was appointed to explore the sponsorship of an international research program on atmospheric chemistry. A parallel effort began in 1981 when a number of atmospheric chemists and meteorologists wrote a letter to the US National Science Foundation, urging the government to support the development of a coordinated study on global tropospheric chemistry. This effort resulted in a 1984 report of the U.S. National Research Council, entitled Global Tropospheric Chemistry: A Plan for Action (National Research Council (NRC), 1984) . The report recommended that, "The US undertake a cooperative research effort with other countries in investigating the chemistry of the global troposphere."
As a result of these two simultaneous efforts, a meeting was held in 1988 in Dookie, Australia, on the formation of the International Global Atmospheric Chemistry (IGAC) Project (Fig. 1) . Participants defined the initial six foci that would serve as the foundation of the first phase of IGAC. The six foci were: (1) Natural variability and anthropogenic perturbations of the marine atmosphere; (2) Natural variation and anthropogenic perturbation of tropical atmospheric chemistry; (3) The role of polar regions in the changing atmospheric composition; (4) The role of boreal regions in changing atmospheric composition; (5) Global distribution, transformations, trends and modeling; and (6) International support activities. In 1990, IGAC officially became a core project of the International GeosphereBiosphere Programme (IGBP) and iCACGP (Galbally, 1989) , with its International Project Office (IPO) located in and funded by the US National Science Foundation (NSF), National Oceanic and Atmospheric Administration (NOAA) and National Aeronautics and Space Administration (NASA).
Throughout IGAC's rich 25-year history, the scientific foci have evolved in ways that reflect how the field of atmospheric chemistry has matured. The first phase of IGAC, 1990 IGAC, -1999 , focused on understanding the chemistry of the natural atmosphere. In its second phase, 2000-2010, IGAC fostered scientific collaborations that built upon our understanding of the natural atmosphere and began to examine how human emissions were impacting atmospheric chemistry and composition from local to global scales. In its third and current phase, IGAC's mission is to "facilitate atmospheric chemistry research toward a sustainable world", recognizing the fundamental role of human activity in determining atmospheric composition and how it relates to sustainability issues such as climate change, human health and ecosystems (Fig. 2) . This evolution of IGAC coincides with the transition of IGAC from a core project of IGBP to a project of the new Future Earth initiative, a global research platform designed to provide the knowledge needed to support transformations toward sustainability.
This paper reports how, over the course of 25 years, IGAC has facilitated research in atmospheric chemistry to understand how atmospheric composition impacts air quality, climate change and nutrient flows in ecosystems. This understanding has been achieved through IGAC facilitating activities on:
Synthesis and integration International field measurement campaigns Atmospheric chemistry at the Earth system interfaces Fundamental science Capacity building Among the results of these efforts are four books, 32 special issues and numerous peer reviewed journal articles. These documents show that IGAC has helped defined the goals, objectives, and priorities, and has acted as initiator, catalyst and coordinator for the international atmospheric chemistry community.
IGAC Science achievements in advancing Earth system science

Synthesis and integration
Gaining an integrated view of atmospheric chemistry has been critical to developing the subject. The global nature of the troposphere has suggested a need to integrate multinational efforts. IGAC has played a central role in organizing, coordinating, and publishing several publications that synthesize international atmospheric chemistry research (see Table 1 ). These publications underline the importance of IGAC in providing a platform for synthesis efforts without overly emphasizing one institute or nation.
Global Atmospheric-Biospheric Chemistry (Prinn, 1994b) greatly improved the understanding of the chemical and biological processes that determine the composition of Earth's atmosphere.
Atmospheric Chemistry in a Changing World (Brasseur et al., 2003) is considered the first international assessment of global tropospheric chemistry. Monks et al. (2009) brought to the forefront the point that long-range transport of air pollutants has a significant impact on regional air quality, demonstrating that air pollution is not a local, but a global issue. As the percentage of the world population living in urban areas surpassed the 50% mark in 2008, IGAC released the extensive report WMO/IGAC Impacts of Megacities on Air Pollution and Climate (Zhu et al., 2012 ) that summarized the current state of knowledge regarding air pollution and climate in megacities across Africa, Asia, South America, North America and Europe. In response to a call from policymakers to understand the climate impacts of black carbon, an IGAC-led effort published a hallmark synthesis on Bounding the Role of Black Carbon in the Climate System: A Scientific Assessment (Bond et al., 2013) . This study showed that black carbon (BC) is not only a major air pollutant, but that previous studies underestimated the direct climate forcing due to BC by about a factor of two, making BC the second most important climate forcer after carbon dioxide (CO 2 ) (Fig. 3) . The study also highlighted the vast complexity of various competing effects and the difficulty of accounting and scenario development, especially due to co-emissions of other climateforcing pollutants in reaching this estimate (Fig. 4) . The IGAC-led synthesis publications indicatd how the field of atmospheric chemistry has evolved from understanding the natural atmosphere, to understanding the importance of human emissions and their role in air pollution at the local to global scale, to emphasizing the pressing need to understand atmospheric chemistry at a city level owing to the impacts of air pollution on human health, to providing policy relevant research to address sustainability issues, such as air pollution and climate change.
International field masurement campaigns
Exploring the troposphere and gaining insight into its changing trace gas composition remains critical in a number of areas from local air pollution to climate. IGAC has cultivated international scientific collaborations that have led to the coordination of field measurement campaigns on intercontinental transport and chemical transformations, aerosol characterization, biomass burning and ozone chemistry (see Table 2 ), all of which included substantial international cooperation for in-situ observations, remote sensing, data analysis and modeling efforts. The ability of IGAC to foster scientific collaborations that bring together multinational field measurement campaigns into an overarching international research program allows scientists to have more collaborators and observations to draw from. Thus, field campaign fostered by IGAC results in a sum much greater than its parts.
The field campaigns that took place in the early to mid-1990s focused mainly on gas-phase chemistry, which at the time was not well understood and was the dominant research area in atmospheric chemistry. One of the earliest campaigns was the East Asia-North Pacific Regional Experiment (APARE), which advanced understanding of the chemical processes and longrange transport over the north-western Pacific Ocean. Contemporary to APARE, the North Atlantic Regional Experiment (NARE) investigated ozone, its precursors and its photochemical coproducts in the near-continent region of North America and Europe. Both APARE and NARE showed that anthropogenic pollution has a large impact on ozone production over the North Pacific and the North Atlantic. This finding highlighted the important need to understand how human emissions impact atmospheric composition. In addition to these field campaigns that focused on long-range transport and chemical transformation of atmospheric gases, IGAC coordinated a series of three field campaigns specifically on ozone chemistry in the early 1990s under the Global Atmospheric Chemistry Survey (GLOCHEM). The GLOCHEM field campaigns provided important observations and modeling studies to reduce the uncertainties in the budget of tropospheric ozone. This effort focused on measurements of key species that play roles in the photochemical transformation of ozone, odd nitrogen, and odd hydrogen species in the remote free troposphere. It also showed that long-range transport of stable trace gases and mineral aerosol had a significant impact on controlling the concentration of these key species.
As gas-phase chemistry became better understood, attention turned more toward aerosols, which were known to also play an important role in determining atmospheric composition, with a significant and uncertain direct and indirect climate forcing. This work led to the emergence of chemical and physical properties of aerosols as the new hot topic in atmospheric chemistry beginning in the late 1990s. At this time, IGAC fostered a series of four international field measurement campaigns designed to quantify the chemical, physical and meteorological processes controlling the evolution and properties of the atmospheric aerosol relevant to radiative forcing and climate (Fig. 5 ). The southern hemisphere marine Aerosol Characterization Experiment (ACE-1) was the first in the series and took place in 1995 over the southwest Pacific Ocean, south of Australia. The second in the series was Tropospheric Aerosol Radiative Forcing Observational Experiment (TARFOX), which took place off the East Coast of the US. In 1997, the third experiment in the series, North Atlantic regional Aerosol Characterization Experiment (ACE-2), was carried out over the North Atlantic Ocean between Portugal, the Azores and the Canary Islands. The final experiment is the series, Asian Aerosol Characterization Experiment (ACE Asia), which included both an intensive observation period in the spring of 2001 and a longerterm network of observations to assess seasonal and interannual variability from 2000 to 2003. This series of experiments to characterize aerosols across the globe set the foundation for the next generation of laboratory, field and modeling studies on aerosol characterization (Fig. 6 ). Advancements in aerosol characterization beginning in the late 1990s resulted in field campaigns of the 2000s focusing on both gas-phase chemistry and aerosol characterization. Nearly a decade after the successful APARE and NARE campaigns in 2002, the Intercontinental Transport and Chemical Transformations (ITCT2k2) and Pacific Exploration of Asian Continental Emissions (PEACE) experiments took place to further investigate the transport of Asian emissions across the North Pacific and to the west coast of North America, this time including many instruments to study aerosols. Two years later, as part of the International Consortium for Atmospheric Research on Transport and Transformation, the New England Air Quality Study (NEAQS-ITCT 2004) investigated the chemical process and transport of pollutants from the Midwest of the US, across the US east coast, over the North Atlantic and into Europe. The final field measurement campaign taking place as part of the ITCT studies was the Polar Study using Aircraft, Remote Sensing, Surface Measurements and Models of Climate, Chemistry, Aerosols and Transport (POLARCAT), which investigated the transport of pollutants produced from emissions at mid-latitudes to the Arctic. The ITCT campaigns provided scientific evidence to show that the long-range transport of anthropogenic and natural emissions could interact, in both the gas-phase and in aerosols, toward far reaching impacts across the globe (Monks et al., 2009) .
In addition to the long-range transport ITCT and ACE field campaigns, the study of biomass burning was also bringing to the forefront the need to investigate aerosol characterization in addition to gas-phase chemistry to truly understand the impacts of biomass burning on the atmosphere and biosphere. The Biomass Burning Experiment: Impact on the Atmosphere and Biosphere (BIBEX) coordinated three different international efforts on biomass burning in 1992; South Tropical Atlantic Regional Experiment (STARE), Transport and Atmospheric Chemistry near the Equator-Atlantic (TRACE-A) and Southern African Fire/Atmospheric Research Initiative (SAFARI). The field campaigns within BIBEX investigated chemically important gases and aerosol species resulting from biomass burning, the impact of biomass burning on regional and global scales, the short-and long-term effects of biomass burning on the atmosphere, and improved understanding of biogeochemical consequences due to atmospheric deposition of biomass burning products.
IGAC's leadership in guiding the community to collaborate across geographical boundaries on new and emerging topics in atmospheric chemistry is evident in the evolution of the field of atmospheric chemistry -from gas-phase chemistry to aerosols to the interactions of the two throughout the 1990s and 2000s.
Atmospheric chemistry at the Earth system interfaces
As the understanding of the atmosphere as a single compartment within the Earth system increased, the need to understand how the atmosphere interacted with other compartments of the Earth system evolved as an emerging area of research in atmospheric chemistry, with the idea that the atmosphere is the integrator of the Earth system. IGAC has and continues to play a prominent role in developing interdisciplinary networks that bring together scientists to address atmospheric chemistry at the Earth system interfaces, including atmosphere-biosphere, atmosphereocean and atmosphere-cryosphere (see Table 3 ) interactions. The interdisciplinary networks fostered by IGAC on atmospheric chemistry at the interfaces eventually led to the formation of two more IGBP core projects, the Surface Ocean Land Atmosphere Study (SOLAS) and the Integrated Land Ecosystem-Atmosphere Processes Study (iLEAPS). IGAC continues to collaborate closely with SOLAS and iLEAPS on atmospheric chemistry at the biosphere, ocean and cryosphere interfaces.
Atmospheric chemistry at the interfaces requires understanding the emissions to the atmosphere from the biosphere, oceans and cryosphere, as well as the deposition of chemicals from the atmosphere to these interfaces, and how these are coupled to feedbacks in the Earth system. Much of the focus in this area, especially in the early 1990s, was on trace gas exchange. In the early 1990s, IGAC fostered many activities on trace gas exchange from the biosphere, ocean and cryosphere. Specific activities included the Trace Gas Exchange: Mid-Latitude Terrestrial Ecosystems and the Atmosphere (TRAGEX) to Marine Aerosol and Gas Exchange (MAGE) to Tropospheric Chemistry of the Antarctic Region. Important discoveries at this time were the impact of nitrogen fertilizers on the fluxes of methane (CH 4 ), CO 2 , and nitrous oxide (N 2 O) to the atmosphere and compounds of marine origin, such as dimethyl sulfide, affect climate, the oxidative capacity of the atmosphere and the stratospheric ozone layer (Bodhaine et al.,1992) . To understand the impact of clouds on the climate, studying the interactions between aerosols and clouds is critical. In many cases, this study requires understanding the emissions of precursors and/ or aerosols from the biosphere, ocean, and cryosphere. Under MAGE, the Atlantic Stratocumulus Transition Experiment (ASTEX) was organized to study the relationship between marine chemistry, aerosols, clouds, and air/sea exchange. A highlight of ASTEX was the discovery that non-sea-salt sulfate and nitrate have a substantial impact on cloud condensation nuclei over the North Atlantic Region (Harrison et al., 1996) . Also important to understanding the exchange between the atmosphere and other interfaces is establishing long-term monitoring networks. IGAC fostered the development of two such networks. The Trace Gas Network (TRAGNET) developed an open database of multiyear trace gas flux and ancillary data from a wide range of ecosystems across North America, Europe and Central America. TRAGNET focused on the fluxes of CH 4 , NO X , and N 2 O. The data collected over multiple years were used in a process-oriented model, Intercomparison, to study the controls of ecosystem and land use management on trace gas fluxes. The IDAF (IGAC/DEBITS/ Africa) monitoring network provided the first consistent measurement of wet and dry deposition in Africa (Fig. 7) . Although the number of monitoring sites in Africa could be increased, especially in East Africa, the current sites provide long-term data sets pivotal in quantifying the future impacts of sulfur emissions in Africa, as the population of many African cities increases energy demand and hence sulfur emissions (Vet et al., 2014) .
A hallmark of research at the Earth system interfaces is developing interdisciplinary knowledge. This work often brings together scientists from biology, oceanography and cryospheric science with atmospheric scientists to better understand how processes interacting at these interfaces impact the composition of the atmosphere. By studying atmospheric chemistry at the interfaces, we can begin to fully understand the role of the atmosphere as the integrator of the Earth system, including the impact of humans on the system.
Fundamental underpinning scientific activities
Recently, IGAC published a position paper on the future of the fundamentals of atmospheric chemistry (Abbatt et al., 2014) . The article stressed the importance of maintaining a strong threelegged stool approach of laboratory, ambient observations, and modeling studies to address the most pressing issues of our time. Each leg of the stool is only as stable as the fundamental chemistry that underpins it, i.e. within each leg, the need exists to understand the connections between the fundamental properties and reactivity of molecules and observable atmospheric phenomena (Fig. 8) . Over the years, IGAC has fostered, and will continue to foster, activities that focus on research on fundamental atmospheric chemistry in order to keep the three-legged stool balanced (Table 4) .
In the early years of research in atmospheric chemistry, much of the laboratory work focused on measuring gas-phase rate constants in order to understand the production of photochemical smog. Through understanding chemical reactions and their rates, going into the field was necessary to apply the knowledge gained in the laboratory to investigate the reactions in the "real world". These field campaigns often required measurement Intercomparison activities, such as the Nonmethane Hydrocarbon Intercomparison Experiment (NOMHICE), fostered by IGAC, or the Jülich Ozone Intercomparison Experiment. Measurement intercomparison activities are often done in the laboratory after the fundamental development of instruments, or in the field after the instruments have been deployed in atmospheric conditions. NOMHICE, for example, was a laboratory-based intercomparison experiment in which participating groups sent around different samples of ambient levels of various atmospheric non-methane hydrocarbons to identify existing issues within each group's analysis, correct these issues and therefore ensure quality control of hydrocarbon measurement throughout the world (Apel et al., 1994) .
Similar to measurement techniques, models are also important in intercomparison projects to reproduce observations and/ or evaluate how they perform compared to each other. IGAC has organized model intercomparison activities such as the Global Integration and Modeling (GIM) and the Atmospheric Chemistry and Model Intercomparison Project (ACCMIP). The Fourth IPCC assessment (IPCC, 2013) included model runs of ACCMIP, providing for the first time atmospheric chemistry in climate modeling. Through ACCMIP, it was shown that the aerosol effective radiative forcing (ERF) has masked a substantial percentage of late 20th and early 21st century global greenhouse forcing, indicating the importance of including atmospheric chemistry when studying climate . IGAC is fostering a new Chemistry-Climate Model Initiative (CCMI) to continue emphasizing atmospheric chemistry in climate modeling. The initiative emphasizes the importance of model development and updates to include the most up to date fundamental science from the laboratory and field.
Understanding emissions is a critical part of studying atmospheric composition and it changes. Since 1990, IGAC has fostered the Global Emissions Initiative (GEIA), which aims to develop and distribute scientifically sound and policy-relevant inventories of gases and aerosols emitted into the atmosphere from natural and anthropogenic sources (Scholes et al., 1994) . The development and analysis of emission inventories requires measuring emission factors in the laboratory. These measurements are important for developing bottom-up emissions inventory, in-situ and remote sensing measurements for top-down verification. Atmospheric modeling is also important to compare the two data sets. In many cases, emissions inventories are developed not for scientific research but to support policies, such as the U.S. Clean Air Act. In recognition of this point, GEIA has evolved to become a community effort that builds bridges between environmental science and policy to create and make available, for both scientific and policy applications, the highest quality information about emissions. GEIA is an excellent example of how the field of atmospheric chemistry has evolved toward emphasizing policyrelevant issues rooted in fundamental science.
Capacity building
A primary role of IGAC is to build scientific capacity in the field of atmospheric chemistry around the globe. IGAC has a strong focus on engaging the next generation of early career atmospheric scientists and scholars from developing countries by providing travel grants to IGAC co-sponsored workshops, meetings, and conferences as well as highlighting their work in the IGAC newsletter. Early career scientists join an international network of atmospheric scientists early in their career that will further facilitate atmospheric chemistry research at an international level. For the developing country scientists, IGAC fosters creating a strong cohesive community of atmospheric scientists in under-represented regions of the world. IGAC also connects the scientists to the larger community in order to foster international collaborations. IGAC also works to communicate atmospheric chemistry research to the international atmospheric chemistry community, and to the wider global change and sustainability communities, including stakeholders, policy makers and the public.
IGAC's Science Conference is a primary mechanism for IGAC to build cooperation and disseminate scientific information across its international community. The first IGAC Science Conference was held in 1993 in Eilat, Israel. Since, IGAC has held fourteen science conferences, consistently becoming a biennial conference starting in 2002 (see Table 5 ). The conference is jointly held with the iCACGP Symposium every four years. The biennial IGAC Science Conference is regarded as THE international conference on atmospheric chemistry and participation in the conference is typically in the range from 350 to 650 participants. Since 2004, IGAC has included an Early Career Scientists Program as part of the conference to foster the next generation of scientists. The IGAC conferences and the Early Career Program have shown that helping young scientists to form an international network of colleagues enhances future international collaborations in atmospheric chemistry. In addition to participating in the Early Career Science Program at the biennial IGAC Science Conferences, IGAC encourages young scientists to join the IGAC community by participating in IGAC Activities and attending IGAC workshops and training schools, for which IGAC Early Career Travel Grants are often available (www.igacproject.org, clink on "Join IGAC" to receive announcements on opportunities for early career scientists).
In addition to cultivating the next generation of scientists, IGAC supports capacity building in the developing world. Many great scientists work in many regions of the world, but often their research is conducted independently and their results often do not reach, or in turn benefit from, the international community. As research questions in atmospheric chemistry and their connections to societal issues become more global, engaging these scientists is important to incorporate their research and local knowledge of these regions of the world. Therefore, since 2011, IGAC has fostered the formation of national/regional working groups that aim to facilitate scientific collaborations both within the nation/region and between the nation/region and the international atmospheric chemistry community. The goal of IGAC National/Regional Working Groups is two-fold: to create a strong cohesive community of atmospheric scientists in a specific nation/ region that together have a sum greater than their parts; and to connect the National/Regional Working Groups to the larger multilateral IGAC community to foster international collaboration. The IGAC National/Regional Working Groups have already resulted in enhanced collaborations between the international IGAC community and China, Latin America and Southeast Asia.
Looking forward
A prescient need remains for research in global and regional atmospheric chemistry to address the coupled scientific challenges of air quality and climate in the Anthropocene. IGAC is responding to this challenge by facilitating atmospheric chemistry research toward a sustainable world. This challenge is achieved through IGAC's three focal activities: fostering community, building capacity, and providing leadership.
Fostering community
IGAC is an international community of atmospheric scientists actively collaborating across geographical boundaries and disciplines in order to contribute to addressing the most pressing global change and sustainability issues through scientific research.
Building capacity IGAC is building scientific capacity through its national and regional working groups, its early career scientists program, its biennial conferences and support of numerous thematic workshops. Fig. 8 . Keeping the three-legged stool approach to atmospheric chemistry research balanced requires laboratory studies, field observations and modeling that must each be rooted strongly in fundamental science.
Providing leadership IGAC provides intellectual leadership by identifying and fostering activities on current and future areas within atmospheric chemistry that would benefit from research across geographical boundaries and/or disciplines.
The field of atmospheric chemistry is at its core interdisciplinary. Since its inception, the field has also engaged societal partners. Atmospheric scientists are an amalgam of engineers, physicists, meteorologist, biologists, computer scientists, and chemist, all fields required to fully understand the role of the atmosphere as the integrator of the Earth system. IGAC works closely with other global environmental change organizations to increase understanding of the interactions between the atmosphere-biosphere, atmosphere-ocean, atmosphere-cryosphere, and atmosphere-human interactions. The discipline of atmospheric chemistry began in the 1950s to address pressing issues related to air quality. Engagement with societal partners has included co-designing research and co-producing solutions in order to tackle air pollution, an issue that is still a major concern across the world. IGAC will continue to work with societal partners to facilitate co-design and co-production of knowledge where appropriate for addressing global change and sustainability issues.
Therefore, the transition of IGAC to a research project of the new international initiative Future Earth in 2015 (Future Earth, 2013 ) is an appropriate and exciting opportunity for the international atmospheric chemistry community. Future Earth is a global research platform designed to provide the knowledge needed to support transformations toward sustainability. It works with societal partners to co-develop knowledge around three research themes (Dynamic Planet, Global Sustainable Development, and Transformations toward Sustainability) to support decision makers and societal change. IGAC will continue to lead the community to address Future Earth Research Priorities across the three themes, such as understanding how atmospheric emissions of pollutants are changing in different regions and sectors, understanding the lifecycle implications of different energy sources, and understanding the opportunities and risks that might arise from new technologies, e.g. geoengineering.
Through Future Earth, IGAC will continue to foster community, build capacity, and provide intellectual leadership. It will also extend its efforts toward engaging societal partners to co-design actions (research, policies, etc.) and solutions required to respond effectively to the challenges and opportunities of global change and sustainability. IGAC aims to continue to represent the international atmospheric chemistry community by fostering activities that underpin fundamental scientific research on emissions, atmospheric processes, and atmospheric composition in ways that link to global change and sustainability. It will make a central contribution to the overall mission of Future Earth. As a project of Future Earth, IGAC will be part of a global platform for international scientific collaboration that will promote the development of knowledge required for the world's societies to face risks posed by global change and to seize opportunities in its efforts to transition toward global sustainability.
